This paper presents the results of an experimental stydy of the micromechanisms of fatigue crack nucleation and fatigue fracture in polysilicon MEMS Structures. The initial stages of fatigue are shown to be associated with stress-assisted surface topography evolution and the thickening of SiO 2 layers that form on the unpassivated polysilicon surfaces and crack/notch faces. The differences in surface topography and oxide thickness are elucidated as functions of fatigue cycling before discussing the micromechanisms of crack growth and final fracture. C 2003 Kluwer Academic Publishers
Introduction
There is increasing interest in the miniaturization of devices in a wide range of applications. This is due largely to the significant improvement in portability, cost and effectiveness of microelectromechanical systems (MEMS) devices, combined with their enhanced functionality and fast response time [1, 2] . This has lead to a tremendous growth of MEMS market [1] . Typical MEMS devices include any combination of microsensors and microactuators. They may also include the logic units that condition the signals from the sensors, make a decision, and actuate mechanical microactuators. Accelerometers, drug delivery systems, lab-on-a-chip systems and optical switches are just a few examples of emerging MEMS structures.
Despite the extensive research on the design and characterization of various properties of MEMS structures, there is still a need for the development of MEMS reliability models [3] . In cyclically actuated Si MEMS structures, mechanism-based reliability models are needed for the prediction of fatigue life [1]. However, unlike bulk materials in which the growth component dominates the fatigue life, the micron-scale sizes of MEMS structures are in a regime where the initiation component of the total fatigue life becomes important. This study will, therefore, focus on the phenomena associated largely with fatigue crack initiation. However, some discussion on crack growth and final fracture mechanisms will also be presented during the latter stages of the paper.
Since most of the MEMS devices in service are fabricated from polysilicon [1], the current study will examine the fatigue behavior of polysilicon. Silicon is the material of choice due to its high strength (1-4.3 GPa) [4] [5] [6] and ease of fabrication with techniques developed originally for semi-conductor manufacturing [2] . However, Si also has a relatively low fracture toughness (∼ 1 MPa √ m [7] [8] [9] [10] [11] . Furthermore, in bulk form, silicon is not expected to exhibit conventional brittle or ductile fatigue [12, 13] . Nevertheless, it is well established that polysilicon undergoes fatigue damage under ambient conditions [5, 7, [14] [15] [16] [17] [18] . Water and water vapor are also known to accelerate fatigue processes in Si MEMS structures leading ultimately to premature fracture of polysilicon components [5] .
Prior work on the surface morphology evolution of solids have resulted in a number of models that may be used to develop insights into the effects of environment on fatigue behavior of polysilicon. These include: the energy-based model of Yang and Srolovitz [19] and the interface reaction/activation volume arguments of Liang and Suo [20] . The first model relates the surface morphology evolution of a stressed solid to the kinetic mechanism of materials transport. It predicts that surface instability creates a groove that sharpens, as it grows deeper and the growth rate accelerates until crack acquires a critical length [19] . In the second approach, the dissolution rate of a stressed surface exposed to aggressive environments is related not only to the driving force, but also to the activation energy of the reaction taking place on the surface [20] . The current work explores the above arguments within a combined experimental and analytical framework. This paper examines the material changes that lead ultimately to the crack nucleation and growth in unpassivated polysilicon MEMS structures. The initiation 0022-2461 C 2003 Kluwer Academic Publishers
